Abstract: Three-armed star-shaped poly(ester amine) was synthesized by Michael addition polymerizations of equal molar ratio of ethylene glycol diacrylate (EGDA) and piperazine (PZ) in the presence of a small amount of multifunctional monomer, 1,3,5-triacryloylhexa-hydro-1,3,5-triazine (TT) in CHCl 3 . When the polymerization proceeded almost completely, the molecular weight of the polymers formed were determined by the feed molar ratio of difunctional monomer to multifunctional monomer, and the molecular weight distribution (M w /M n ) approached the theoretical value (M w /M n =1+1/f). The mechanism of the polymerization was investigated by 1 H NMR and Gel permeation chromatography (GPC). The monomer concentration and the molar ratio of difunctional monomers/multifunctional monomer played an important role in the polymerization.
Introduction
Design and synthesis of star polymers are of considerable interest due to their interesting rheological properties and multi terminal functionalities in comparison with the linear analogue [1, 2] . Generally there are three synthetic strategies of star polymers: (1) the core-first method involves the use of a multifunctional initiator to initiate living polymerization resulting in polymers with well-defined structures [3, 4] ; (2) the arm-first method involves the synthesis of living linear arms, following reaction with a multifunctional coupling agent [5, 6] ; (3) crosslinking reagent method involves a living polymerization in the presence of a small amount of crosslinking reagent such as divinyl monomer [7, 8] . In comparison with these methods, synthesis of starshaped polymers from condensation polymerization of A-B monomer in the presence of a multifunctional compound, A f (f is the number of functional group, f>3) was less studied [9] [10] [11] [12] . In these reports, the star-shaped polymers included aromatic polyamides from polycondensation of phenyl 4-(octylamino)benzoate and tri-or tetraphenyl aromatic ester [9] ; aromatic polyesters from silylated β- (4-acetoxyphenyl) propionic acid, silylated 4-acetoxybenzoic acid and tetraacetoxyspirobis(indane) [11] ; poly(arylene ethynylene) from 2,5-diiodo-3-hexylthiophene, p-diethynylbenzene and triethynyl-or tetraethynylbenzene [12] . In these polymerizations, the competition reactions between propagation reactions of the linear chains and star polymer chains existed, leading to the multi peaks in GPC traces of the resultant products [12] . Therefore purification process is necessary for preparation of pure star-shaped polymers. These results showed that polycondensation is not appropriate for the synthesis of well-defined star-shaped polymers because it does not proceed in a chain polymerization manner [9] . According to the theoretical prediction, the starshaped polymers have the arm number exactly as same as the number of functional groups in the multifunctional reactant used, and average chain length of every arm is controlled by the proportion of multifunctional unit employed [13, 14] . The polycondensation of A-B and multifunctional compound should be an appropriate method for preparation of well-defined star-shaped polymers.
The poly(ester amine)s have been studied extensively due to their potential applications in drug deliverey and gene transfection [15] [16] [17] , and we previously studied the synthesis of various poly(amido amide)s at mild conditions [18] [19] [20] . Thus, to test whether polycondensation of A-A, B-B and a small proportion of A f yields wellcontrolled polymer, we studied Michael addition polymerization of diacrylates (A-A) and diamine (B-B) in the presence of a triacrylate compound (A 3 ) to form star-shaped poly(ester amide) because these reactants are commercially available and polymerization can be carried out at mild conditions. In this article, we report our study on the polymerization behaviors of poly(ethylene glycol) diacrylate (A 2 ) and piperazine (B 2 ) in the presence of 1,3,5-triacryloylhexa-hydro-1,3,5-triazine (B 3 ).
Results and Discussion

Synthesis of Star poly(EDGA-PZ) with TT
A convenient strategy for synthesis of star-shaped polymers is addition of a multifunctional compound into polycondensation of A-A and B-B. For the polymerization system consisting of bifunctional monomer, A-B and a small proportion of a multifunctional compound, R-A f (f is the number of functional group A), and assuming that the terminal group A, or B cannot react itself, the crosslinking reaction should be precluded in principle, according to Flory's theory [13, 14] . The polymers formed will consist of f polymer chains attached to the central units R, and their formula can be written as R[-A(B-A) y ] f , and the average chain length of every arm can be controlled by the proportion of multifunctional unit employed. Therefore, the arm number and chain length of every arm are controlled. In this study, we selected ethylene glycol diacrylate (EGDA) and piperazine (PZ) as A-A and B-B monomers respectively because the Michael addition reaction of acryl of EGDA with secondary amine of PZ is possible, and their addition polycondensation with equal molar ratio of EGDA and PZ yields a linear poly(EGDA-PZ) with one terminal acryl (A) group and one terminal secondary amine (B) group. TT with three acryl groups was used as A f (f=3). The synthesis of star-shaped polymers is outlined in Scheme 1. For investigation of the polymerization behavior, the polycondensation of equal molar EGDA and PZ in the presence of TT was carried out, and 1 H NMR was used to follow the polymerization. A typical 1 H NMR spectrum is shown in Figure 1 . The terminal vinyl proton signals of acryl groups appeared at δ=6.38, 6.15, 5.86 ppm (a), the proton signals of the ester methylene, the methylene groups next to nitrogen and next to ester carbonyl groups appear at δ=4.28 (c), 2.17-2.80 ppm (d, e). The signal at δ=5.25 ppm (b) is ascribed to three methylene groups of hexahydro-1,3,5-triazine ring. These facts indicated that the linear poly(ester amine)s attached to the multifunctional compound, TT. Based on the 1 H NMR data in Figure 1, We can see that the vinyl groups disappeared relatively fast ( Figure 2A ) at the initial stage of polymerization, and after 50 h of polymerization the disappearance rate of vinyl group became slow. However the molecular weight increase rate of the polymers formed was relatively slow before 95% conversion, and then became fast after 95% conversion ( Figure 2B ). This is the characteristics of step polymerization. In order to investigate the formation process of star polymers, the GPC was used to follow the polymerization at 45 o C with feed molar ratio of TT/EGDA/PZ=1/60/60. The results are shown in Figure 3 . The GPC trace of the polymer formed at 0.5 h of polymerization in Figure 3a is monomodal, probably this is ascribed to the linear poly(ester amine) because a small percent of multifunctional compound, TT was added into the polymerization system, the Michael addition polymerization of EGDA and PZ to produce linear poly(ester amine) was predominant, and the formation possibility of star polymers from copolymerization of TT with PZ and EGDA was very low. In the GPC curve of the polymer formed at 6 h polymerization, we can see two peaks in Figure 3b , one at low molecular weight position is linear poly(EGDA-PZ), and other at higher molecular weight position might be the star-shaped polymers.
When around 91.5% of vinyl group was converted (Figure 2A) , the reaction probability of vinyl groups in the multifunctional TT with amine at the end of linear oligomer chains was increasing, and the star polymers were formed. With the progress of polymerization, the peak at low molecular weight position decreased, the peak at high molecular weight position increased gradually and its shift to higher molecular weight was observed (Figure 3c and 3d) . This might imply that more linear chains were attached to the multifunctional TT with growth of the linear poly(EGDA-PZ) chains. The polymer obtained at 98.9% conversion of the vinyl groups showed monomodal GPC peak as shown in Figure 3e , demonstrating that all linear polymer chains are attached to the multifunctional TT, and star-shaped polymer was formed. 12 For further studying the formation process of the star-shaped polymers, 1 H NMR was used. Figure 4 is the 1 H NMR spectra of the polymers formed at various polymerization times. We can see that strength of the vinyl proton signals at δ=6.38, 6.15, 5.86 ppm (a) decreased relatively with the progress of polymerization, which must result from continuous reaction of the terminal acryl group with terminal secondary amine group in the polymer chains with various chain lengths. This result is consistent with the results obtained from GPC measurements. Based on the polymerization mechanism shown in Scheme 1, every repeating unit contains one ester ethylene group, and every macromolecule has one TT unit, so number-average 
The effect of ratio of TT/PZ/EGDA on the polymerization
For studying the effect of molar ratio of TT/PZ/EGDA on the formation of the star polymers, the Michael addition polymerization with various molar ratios of EGDA/ PZ/TT=30:30:1, 60:60:1 and 100:100:1 and the same initial monomers concentration of 0.3 g/mL were investigated. Their GPC spectra are shown in Figure 3 , 6 and 7 respectively. In the three cases, the linear poly(EGDA-PZ) was formed at the initial stage of polymerization. Figures 3, 6 and 7 demonstrate different GPC traces of the polymers formed after 0.5 h of polymerization. In the case of feed molar ratio of TT/EGDA/PZ=1/30/30, there are more than 5 peaks in the GPC trace of the sample obtained from 6 h polymerization (Figure 6b ), this may result from two or more multifunctional TT in one macromolecule in addition to the linear poly(EGDA-PZ) attaching to one TT and free linear polymer chains. During the initial stage of polymerization, some oligomers contained TT units and their further reactions should yield the polymer chains containing more than one multifunctional TT units owing to relatively high TT concentration in the feed. So it is reasonable that further reactions of these oligomers with various chain lengths produced broad molecular weight distribution polymers (M w /M n =1.91 at 6 h, 2.10 at 6 h, 3.19 at 170 h in Figure 6 ). As we mentioned, based on their 1 H NMR data, we can calculate the M n,NMR of the polymers obtained based on the assumption that every macromolecule has one TT unit. With the same assumption, the M n,th can be calculated based on feed molar ratio and conversion (100%). The results are listed in Table 1 . Monomodal GPC trace was not obtained even after 1100 h polymerization. Based on these results, we thought that decreasing TT concentration will reduce the concentration of the oligomers containing more than one multifunctional TT units, and this will benefit the formation of three-armed star polymers. Figure 3 and 7 are the GPC traces of the polymers formed from the polymerization with feed molar ratios of TT/EGDA/PZ=1/60/60 and 1/100/100 respectively. We discussed the results shown in Figure 3 already, and less peaks of the polymers formed after 6 h polymerization were observed in comparison with Figure 6 . Probably, many linear poly(EGDA-PZ) chains capped with one acryl group and one secondary amine group, which is similar to A-B monomer, were formed, their further reaction with star oligomers having terminal acryl group produced three-armed star poly(EGDA-PZ). However, a shoulder on GPC trace of Figure 7d appeared at low molecular weight position for the polymer obtained at 430 h of polymerization, probably, the unreacted linear oligomers still existed. 
The effect of solution concentration on the polymerization
Generally, the Michael addition polymerization of acryl-and amine-terminated monomers in high monomer concentration proceeds relatively fast. Thus we tested the influence of monomer concentration on the polymerizations. The polymerization with the feed molar ratio of EGDA/PZ/TT=1/60/60 was carried out in the 60% (w/v) monomer concentration. The condition and results are listed in Table 1 . After 6 h polymerization, the M n,NMR of the polymers obtained approached the M n,th (B-5 in Table 1 ), indicating almost completion of polymerization. However, a small portion of low molecular weight component remained in the polymerization system. When the polymerization proceeded for 24 h, we found that light cross-linked polymers were formed. Probably, fast polymerization left more A-A monomers or oligomers, leading to the crosslinking reaction of three armed polymers.
Conclusions
Three-armed star poly(ester amine) can be synthesized by Michael addition polymerizations of equal molar ratio of EGDA and PZ with a small proportion of multifunctional TT. The molecular weight of the polymer obtained was determined by the feed molar ratio of EGDA or PZ to TT. High monomer concentration resulted in high polymerization rate, but pure star polymer was not obtained, and lightly crosslinked polymer was formed after slightly long polymerization time. For the polymerization with feed molar ratio of TT/EGDA/PZ=1/30/30, the GPC traces obtained at 6 h and 400 h polymerization shows that more than 5 polymer components reduced to two components. Thus this provides a feasible and convenient synthetic strategy for star polymers
Experimental
Materials
THF was distilled from a purple sodium ketyl solution. Styrene (St) was distilled from calcium hydride. Triethylamine was stirred over anhydrous magnesium sulfate and filtered just prior to use. Ethylene glycol was stirred over anhydrous magnesium sulfate, filtered and stored over 4 Å molecular sieves. CHCl 3 (Shanghai Chemical Reagent; 99%) was dried under CaCl 2 for 6 h after washing with water and then was distilled prior to use. 1,3,5-Triacryloylhexahydro-1,3,5-triazine (Aldrich, 99%) was used as received. Acryl chloride, methylene chloride, NaHCO 3 , magnesium, acetone, ethylenediamine, perchloric acid (60%), NaBH 4 , sodium hydroxide, piperazine (PZ) and diethylene triamine, which all were purchased from Shanghai Chemical Reagent Corp., were used as received. Ethylene glycol diacrylate (EGDA) was synthesized by a similar method described in a previous paper [21] . 1 
Polymerization of EDGA and PZ in the presence of TT
Michael addition polymerization with various feed ratios was carried out and a typical polymerization procedure is as follows. PZ (992 mg, 11.5 mmol) and EGDA (1960 mg, 11.5 mmol) were added into a solution of TT (48 mg, 0.193 mmol) in chloroform (10 mL), and the polymerization was performed at 45 o C. At predetermined polymerization time intervals, a sample was taken for GPC and 1 H NMR measurements. When the GPC curve became unimodal, the polymerization was stopped. The reaction solution was concentrated under reduced pressure, and the residue was poured into cold acetone. The resultant solid product was collected by filtration, and dried in a vacuum oven at 50 o C for 24 h. 
Following the polymerization using NMR method
TT, EGDA and PZ with feed molar ratio=1:60:60 were dissolved in CDCl 3 and the reaction solution with the concentration of around 30% (w/v) was added into a NMR tube. The reaction was carried out at 45 o C. The 1 H NMR spectra were recorded at a predetermined reaction time interval.
The effect of monomer concentration on the polymerization
The procedure for studying monomer concentration during polymerization is as follows. PZ (992 mg, 11.5 mmol) and EGDA (1960 mg, 11.5 mmol) were added into a TT (48 mg, 0.193 mmol) solution in 10 mL or 5 mL CHCl 3 respectively. After all reactants were dissolved, the reaction solutions with monomer concentration of 30%, or 60% (w/v) were made. The polymerization was carried out at 45 o C. At predetermined polymerization time intervals, a sample was taken for GPC measurement. The polymerization stopped until unimodal GPC trace was obtained. For polymerization with feed molar ratio of TT:EGDA:PZ = 1:30:30 and monomer concentration of 30% (w/v), the same procedure was adopted.
Characterization 1 H NMR (300 MHz) spectra were recorded on a Bruker 300 nuclear magnetic resonance (NMR) instrument, using CDCl 3 as solvent and tetramethylsilane (TMS) as internal reference. The molecular weight, M n (GPC) and molecular weight distribution (M w /M n ) were determined on a Waters 515 gel permeation chromatography (GPC) equipped with microstyragel columns (500, 10 3 and 10 4 Å) at 25 ºC. Monodispersed polystyrenes standards were used in the calibration of molecular weight and molecular weight distribution, and THF was used as eluent at a flow rate of 1.0 mL/min. Infrared spectra were recorded on a Bruker VECTOR-22 infrared spectrometer.
